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The vestibulo-ocular reflex (VOR) is essential in our daily life to stabilize retinal
images during head movements. Balanced vestibular functionality secures optimal
reflex performance which otherwise can be distorted by peripheral vestibular lesions.
Luckily, vestibular compensation in different neuronal sites restores VOR function to
some extent over time. Studying vestibular compensation gives insight into the possible
mechanisms for plasticity in the brain. In this work, novel experimental analysis tools
are employed to reevaluate the VOR characteristics following unilateral vestibular lesions
and compensation. Our results suggest that following vestibular lesions, asymmetric
performance of the VOR is not only limited to its gain. Vestibular compensation
also causes asymmetric dynamics, i.e., different time constants for the VOR during
leftward or rightward passive head rotation. Potential mechanisms for these experimental
observations are provided using simulation studies.
Keywords: vestibulo-ocular reflex, vestibular compensation, commissural neuron circuitry, unilateral vestibular
lesion, plasticity
1. INTRODUCTION
The Vestibulo-ocular reflex is a short latency and involuntary eye movement that is essential
to maintain gaze and stabilize vision during head movements. The neural pathway for the
VOR is rather simple and includes three main components: sensors, central processing and
the oculomotor plant. Angular and linear head perturbations are sensed by the vestibular
apparatus (the semicircular canals and the otolith organs) located in the inner ear. Sensory
information is relayed through the vestibular afferents to the brainstem centers including the
vestibular nuclei (VN) and the Prepositus-Hypoglossi (PH). These centers act as the main
controller and combine sensory and motor information to drive the extraocular muscles and
move the eyeballs in the appropriate direction. VOR nystagmus consists of two components;
slow compensatory eye movements usually in the opposite direction to the head movements
and fast re-orienting eye movements usually in the same direction as the head movements.
A switching mechanism controls the slow/fast sequences to keep the eyes in their feasible
range during such nystagmus. In clinical tests, the VOR is characterized by its gain defined
as the ratio of peak eye velocity to peak head velocity during harmonic testing or short pulse
perturbations. Normally this gain is close to unity with vision but only≈0.6–0.8 in the dark (Paige,
1989).
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The VOR system has a bilateral (symmetric) neural structure
that includes commissural connections between the two sides
of the brainstem. The normal function of the VOR relies on
balanced reciprocal stimulation of vestibular sensors on both
sides. Partial or complete loss of the afferent input from one side
due to any lesion, disease or surgery results in an asymmetry
in the VOR circuit and its dynamics. Unbalanced sensory
projections to the brainstem circuit often cause severe postural
and oculomotor disturbances with symptoms of dizziness,
nausea, vertigo and exacerbation of symptoms with head
movement (Lopez, 2013). Fortunately, many of the symptoms,
e.g., spontaneous nystagmus, recover rapidly as vestibular
compensation takes place (Curthoys, 2000; Paterson et al., 2004).
Vestibular compensation is the process that restores some
functionality to the vestibular system after vestibular lesions.
Multiple and parallel plastic processes at various sites in
the brain are involved in vestibular compensation (see review
Dutia, 2010) at the level of cortical, cerebellar and brainstem
circuits, and at the level of the periphery (Cullen et al., 2009).
In summary, modifications to compensate for vestibular deficits
include: (i) adaptive changes in the sensitivity and resting activity
of vestibular neurons and the commissural network (Galiana
et al., 1984; Graham and Dutia, 2001; Cullen and Minor, 2002)
as well as in the response of the peripheral signals (Cullen et al.,
2009); (ii) changes in the inhibitory control of the brainstem
vestibular network by the cerebellum (Darlington and Smith,
2000); (iii) Neurogenesis and gliosis in the ipsi-lesional VN
(Dutheil et al., 2009).
Despite compensation, there remains some long lasting effects
after losing vestibular afferent inputs, including deficits in the
VOR gain especially during high acceleration head movements
(Curthoys, 2000). As depicted in Figure 1, the VOR gain in
patients is lower when rotating toward the lesion side, compared
to controls, though the directional difference in nystagmus is
attenuated after compensation.
Most reports on VOR compensation in unilateral patients
focus on how the contra- vs. ipsi-lesion gain of the VOR varies
in patients (Mantokoudis et al., 2014; Migliaccio and Schubert,
2014). If VOR dynamics are studied, traditional analysis methods
are employed to study experimental data (Paige, 1989; Broussard
et al., 1999; Maire and van Melle, 2000; Sadeghi et al., 2006). For
example, a common approach is to remove fast phase intervals
from the eye velocity profile during nystagmus and replace the
missing data using interpolation, the so-called envelope approach.
Such methods have been shown to produce biased estimates of
the slow phase dynamics since they ignore the switching nature
of the VOR system (Galiana, 1991; Ghoreyshi and Galiana, 2009)
and the effect of initial conditions (Jalaleddini and Kearney, 2014)
at the onset of each slow phase interval: each fast phase changes
the initial point of the subsequent slow phase. New tools to
analyze VOR nystagmus have been developed that allow accurate
and reliable identification of its dynamics, despite switching
(Ranjbaran and Galiana, 2014).
In this work, we re-examined the dynamic properties of
the VOR in unilateral patients and controls using these new
system identification techniques (described in Section 2.2 ). Our
results suggest that asymmetry of the VOR responses during
FIGURE 1 | Eye velocity during 1/6 Hz head rotation, peak velocity 200
deg/s; (A) VOR of control subject (H4), (B) VOR of subject diagnosed
with right vestibular Ménière’s disease (P9). Note that head velocity is
inverted for better alignment of velocity traces. Positive head velocity values
refer to right side rotation and vice versa. Clinical analysis focuses on the
envelope of eye velocity segments that follow the same pattern as the head
velocity, here harmonic. Thus, the rapid pulses associated with fast phases are
ignored. The results of data analysis related to these recording are presented
in Figures 3, 4.
ipsi- and contra-lesion rotations is not limited to its gain- it is
also significant in the time constant of the system. We explored
how these asymmetries may be explained by modifications
in the sensitivity and set-point of closed commissural loops
between the VN. Simulations of a bilateral representation of the
VOR replicate the observations of balanced resting point (no
spontaneous nystagmus, and reduced gain asymmetry) at the cost
of asymmetric time constants.
2. MATERIALS AND METHODS
2.1. VOR Data from Patient Recordings
For the purpose of this study VOR data recorded for clinical
evaluations from 20 patients with unilateral vestibular deficiency
is used for analysis (8 Males, 12 Females, age range: 48 ± 14
years). In this group (P1−P20), 8 patients suffered from vestibular
neuronitis, 7 were diagnosed with Ménière’s disease and 5 had
vestibular tumors. 12 patients had left side vestibular lesion and
8 had lesions on the right side. According to the clinician’s
diagnosis (AK) and the results of caloric tests, all patients had
partial yet severe loss of vestibular functionality on the lesioned
side. VOR tests on patients were performed 3 weeks or more after
their last vertigo attack/operation/medication and they did not
show any balance disturbance, such as spontaneous nystagmus.
The same tests were performed on 10 controls (H1 − H10) with
no known history of vestibular or ophthalmological disorders.
Figure 1 shows an example of the VOR responses recorded from
subjects H4 and P9.
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The VOR data was recorded in the dark during 1/6 Hz
sinusoidal rotation of peak velocity 200 deg/s using electro-
oculography (EOG). Subjects were seated upright on a servo-
controlled chair with their head fixed to the chair. Rotations
were passive whole body around the earth vertical axis. For
details of the experimental setup and calibration protocols,
see Khojasteh and Galiana (2009). Data was recorded at 1
KHz, digitally low-pass filtered to 58 Hz and decimated to
250 Hz. Low pass filtering to 58 Hz is sufficient to reduce
the effect of 60 Hz electrical noise in EOG signals while
preserving the nystagmus bandwidth. Subjects signed a consent
form describing the protocol, which was approved by the
Institutional Review Board of McGill University, Faculty of
Medicine.
2.2. Representation of VOR Dynamics
VOR data was first classified into slow and fast phases, as
described in Ranjbaran et al. (2015). Here the study focuses on
the dynamics of the VOR slow phases. The model formulation
assumed for the slow phase system is described with a cascade
of three blocks (Figure 2). The first block represents the sensory
process which senses head velocity (deg/s) and is modeled as
a high-pass filter: TvsTvs+ 1 , where s refers to the Laplace variable
and Tv is the vestibular time constant (Goldberg and Fernandez,
1971). The VOR, particularly in patients, often has a bias due
to asymmetric resting rates in the neural circuitry as well as
asymmetries in processing at each stage (sensor/brainstem).
Hence the sensory description is expanded to include a bias term
as depicted in the second block. The third block represents the
VOR neural integrator in the brainstem, with low-pass first-order
dynamics defined as 1s+P and a time constant obtained from the
pole, P as T = −1P , P < 0.
We search for Tv in the range of 2–20 s (Goldberg and
Fernandez, 1971; Raphan et al., 1979) and estimate the initial
conditions and the unknown parameters (G, P,Bias) using
the subspace identification method (details in Ranjbaran and
Galiana, 2014). In order to estimate the dynamics for ipsi-
and contra-lesion rotations separately, slow phase segments are
grouped according to positive (rightward rotation) and negative
(leftward rotation) head velocity values.
To evaluate the robustness of identified parameters in the
VOR model in Figure 2, 95% confidence intervals of the
estimated parameters are also computed using a Monte-Carlo
approach. For this purpose, half of the slow phase segments are
selected randomly and the model parameters are estimated. This
is performed 200 times to obtain statistics of the estimated values.
To evaluate/compare the significance of the estimated values
in our analysis, standard t-tests are performed to test the null
hypothesis and a Pvalue is computed.
3. RESULTS
Identification of the VOR slow phase system as well as simulation
studies are presented in this section.
3.1. Results from Patient Recordings
Figures 3, 4 depict the estimated values for the gain, G, and the
central processing time constant, T , of the VOR slow phases
during ipsi- (gip,Tip) and contra-lesion (gco,Tco) rotations in
patients and right (gr,Tr) vs. left (gl,Tl) rotations in controls,
respectively. Confidence intervals for the estimated parameters
are shown with red bars to denote the robustness of the
identification.
As expected, in most patients the gain during rotation toward
the lesioned side is lower even after compensation: gip − gco =
−0.17 ± 0.12 < 0, (Figure 3). Two patients, P3 (left Ménière’s)
and P6 (left vestibular neuronitis) have near symmetric gains
although at suboptimal levels. P15 (right vestibular neuronitis) on
the other hand shows symmetric and a near optimal VOR gain.
Asymmetric performance is not limited to the gain of the VOR.
Interestingly, the time constant of the central process, T, also
differs for ipsi- (Tip) and contra-lesion (Tco) rotations. In most
patients (except P6 and P20 with symmetric time constants), the
estimated time constant of the brainstem circuit is smaller during
ipsi-lesion rotations (Tip − Tco = −2.14 s ± 2.72 < 0).
Despite normal performance of the VOR in control subjects
(no diagnosed vestibular condition or stated complaint), there
can also be an asymmetry in the estimated gain and time constant
of their VOR response: gr− gl = −0.02± 0.05 and Tr−Tl = −
0.38 s ± 2.33 (Figure 4).
FIGURE 2 | Assumed structure for the slow phase VOR: linear dynamics followed by a Hammerstein system (Jalaleddini and Kearney, 2013). Hv is head
velocity (deg/s), Hc is the sensory signal (spikes/s) and E is conjugate eye position (deg). s refers to Laplace variable and Tv refers to the sensory time constant in the
first block. G is the steady state gain and Bias is added to model the bias in VOR responses due to asymmetries in the second block. P refers to the pole of the central
processing in the third block and the central processing time constant is: T = −1
P
, P < 0.
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A fair comparison between the extent of asymmetries in the
response of patients and controls, however, should not depend
on the rotation direction. Hence, we define two indices as
the relative difference of the rightward vs. leftward rotation
parameters:
FIGURE 3 | (A) Estimated gain (gco, gip ) and (B) central processing time
constant (Tco,Tip ) values for contra and ipsi-lesion rotations in 20 unilateral
vestibular patients (P1 − P20). Ninety-five percent confidence intervals of the
estimated values are shown with red bars which are computed based a Monte
Carlo study from 200 repetitions of parameter estimates from randomly
selected data intervals in the record—each sample set had the same number
of data points.
Patients:


Gindex =
∣∣∣ gip − gcogip + gco
∣∣∣
Tindex =
∣∣∣Tip −TcoTip +Tco
∣∣∣
Controls:


Gindex =
∣∣∣ gr − glgr + gl
∣∣∣
Tindex =
∣∣∣Tr −TlTr +Tl
∣∣∣
(1)
These two indices normalize the extent of asymmetry. The Gindex
and Tindex for both groups as well as their two-tailed Pvalue
are computed in Table 1. The values suggest that the degree of
asymmetries in both the gain and the time constant of patients is
significantly larger than asymmetries in controls. Figure 5 shows
this spatially by plotting the values of Tindex vs.Gindex for both the
patient and control groups. While the control samples fall mainly
close to the origin, reflecting small asymmetries, the markers for
patients are widely distributed.
In addition to the asymmetric properties of the responses,
the average of the estimated gain and time constants between
the two groups are also significantly different. As expected, the
average gain in compensated patients,
gco + gip
2 = 0.52 ± 0.19,
is significantly different and lower than the average gain in
the control group,
gl + gr
2 = −0.68 ± 0.12 (Pvalue = 0.02).
Interestingly, the average central processing time constant in
patients
Tco +Tip
2 = 2.62 ± 1.74 is also significantly different
and lower compared to the control group,
Tl +Tr
2 = 4.19 ±
2.32 (Pvalue = 0.047). This suggests that on average the
VOR responses in patients have faster dynamics compared to
the controls, which reflects poor integration of the sensory
information.
The histogram of the estimated time constant for the
vestibular sensory process: Tv, as depicted in the first block of
Figure 2, is also shown in Figure 6 for both the patients and
TABLE 1 | Symmetry levels in Control and Patient subjects for VOR gain
and time constant.
Patients Controls Pvalue
Gindex −0.19 ± 0.15 −0.02 ± 0.04 0.0009
Tindex −0.33 ± 0.25 −0.33 ± 0.25 0.0425
Data from Figures 3, 4 analyzed with Equation 1.
FIGURE 4 | (A) Estimated gain (gl, gr ) and (B) central processing time constant (Tl, Tr ) values for leftward and rightward rotations in 10 control subjects (H1 − H10).
Ninety-five percent confidence intervals of the estimated values are shown with red bars which are computed based on 200 Monte-Carlo studies as described in
Section 2.2.
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FIGURE 5 | Tindex vs. Gindex in unilateral patients and normal subjects.
These indices refer to the relative difference of the estimated
rightward-leftward parameters and emphasize the extent of asymmetries in the
estimated VOR dynamics between the control and patient group.
FIGURE 6 | Histogram of the estimated sensory time constant Tv
related to the first block in Figure 2. (A) Patients; (B) Controls. There is no
significant difference between the distribution of the estimated values in the
two groups.
controls. It shows that the estimated vestibular time constant for
both groups varies over a wide range (4–20 s). Thus, there is
no significant difference in the estimated sensory time constant
between the controls and patients after long-term vestibular
compensation (Pvalue > 0.05).
3.2. Simulation Results
In order to explain the results in Section 3.1, a simulation
study was done. It is well established that the commissural
network between the bilateral VN plays an important role in
VOR compensation after vestibular lesion (Galiana et al., 1984;
Graham and Dutia, 2001; Cullen and Minor, 2002). Here we
tested how modulations in the resting activity of VN and in
the sensitivity of commissural projections could affect the VOR
dynamic properties after unilateral lesions.
A simple bilateral slow phase VOR model was implemented
in MATLAB Simulink (The MathWorks Inc., USA) as shown
in Figure 7. This model was originally developed by Smith and
Galiana (1991) and includes sensory dynamics as well as the
central process of the VOR. The sensory stage includes high-pass
dynamics with a time constant, Tv, followed by an asymmetric
nonlinearity around zero (gain for negative values: 0.4, positive
values: 0.6) and a resting discharge for vestibular afferents,
RcL,cR (Goldberg and Fernandez, 1971). The central process
includes the VN centers that received the sensory projections
and the commissural projections, CR,L, as well as the efferent
copies of monocular eye position provided by projections from
the Prepositus Hypoglossi (PH). PH is modeled with low pass
dynamics similar to the eye plant (time constant: Tp, steady state
gain: Ke for the eye plant and K for the PH ). The model also
allowed for resting discharges, R2L,2R and R3L,3R at the VN and
PH centers, respectively. The model parameters were adapted
from Smith and Galiana (1991) (Table 2). The VOR response
generated by this slow phase model is valid for low amplitude
sinusoidal rotations (no fast phase), or during brief head pulses,
and is sufficient to illustrate the effects of circuit asymmetries. It
would not be valid to run this model at the high head velocities
seen in Figure 1 where the VOR response consists of mixed
slow-fast intervals during nystagmus.
As in the above experimental data analysis, virtual input-
output data was first generated using the Simulink model and
was then analyzed to estimate the apparent gain, G, bias and time
constant T of the VOR central process shown in Figure 2. In
the intact case with symmetric parameters on the two sides, the
bilateral model reproduced symmetric VOR responses to head
velocity input with zero bias. In this case G and T parameters can
be defined theoretically as:
{
T =
Tp(1−CR,L)
1−K−CR,L
= 13.5 s
G =
qKe
(1−K−CR,L)T
= −1
(2)
With a vestibular lesion, defining G and T theoretically is
not trivial since the model structure becomes asymmetric
and nonlinear. Instead, we used system identification to
study simulated VOR dynamics following lesion and then
compensation, comparing rightward and leftward responses as
for the experimental data.
Here, we assumed total loss of sensory projections including
the afferent resting discharges (as in labyrinthectomy) from
the right vestibular sensors. Figure 8 shows the estimated
model (its gain curve: G and bias, and the Bode plot of
the dynamics: 1s+P ) from the simulated VOR at the acute
stage; all other model parameters remained unchanged. It is
seen that immediately following the loss of sensory input, the
gain G is less than the normal case in both directions (−0.6
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FIGURE 7 | Bilateral model of horizontal slow phase AVOR in the dark adapted from Smith and Galiana (1991). The model includes sensory component
modeled with high-pass dynamics followed by a static nonlinearity. Eye plant and PH are modeled with first order low-pass dynamics. PH projects efferent copies of
eye position E*
R,L
while CR and CL refer to the commissural projection weights and q refers to the sensory projection weight. More details are provided in the text.
TABLE 2 | Numerical values of the model parameters.
Parameter Tv RcR RcL q R2R R2L K Tp CR CL Ke R3R,L
Intact 6 s 90 spk/s 90 spk/s 0.54 61 spk/s 61 spk/s 0.88 0.3 0.1 0.1 0.5 113 spk/s
Compensated - 0 - - 159 spk/s - - - 0.01 0.6 - -
“-” are unchanged from intact case.
FIGURE 8 | Estimated dynamics of simulated VOR at acute stage of lesion with no compensation during ipsi- and contra-lesion rotations compared to
intact VOR model. Left panel provides the gain, G and bias of the central VOR process in the brainstem. Note that in the intact model, the bias in the VOR response
is zero and the ideal gain is −1, thus the red line is shifted up by 90 (spikes/s), the vestibular resting rate RcR,cL, intentionally for comparison with the lesion case. The
right panel shows the Bode plot of the expected form of VOR first order dynamic with time constant T = −1/P, in the healthy condition.
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contra-lesion and −0.4 ipsi-lesion) and lowest for rotations
toward the lesion side. Also a bias appears due to the
asymmetry of the afferent resting discharges which is the main
reason for initial spontaneous nystagmus in unilateral patients.
Despite the asymmetry in the gain, there is no direction-
dependent change in the estimated time constant (Bode plots
in Figure 8) at the acute stage since the central processing
as well as the commissural network remained unchanged and
symmetric.
In order to restore VOR functionality after a unilateral
vestibular lesion, as suggested in Cullen and Minor (2002),
Graham and Dutia (2001), and Galiana et al. (1984), the resting
discharge of the ipsi-lesion VN was increased to lower the
bias across the midline. Moreover, the weight of commissural
FIGURE 9 | Bilateral model of horizontal slow phase AVOR in the dark after unilateral lesion (right vestibular input) and compensation. In order to
balance gain and remove bias after unilateral lesion, the resting activity of ipsi-lesion VN (R2R) and commissural inhibition from the contra-lesion side (CL) are increased
(blue arrows). Moreover, commissural inhibition from the ipsi-lesion side (CR) is decreased (red arrow). See Table 2 for parametric changes in the model.
FIGURE 10 | Estimated dynamics of simulated VOR following compensation during ipsi- and contra-lesion rotations compared to intact VOR model.
Left block reflects the gain, G and bias of the central VOR process in the brainstem and the right block shows the Bode plot of the estimated VOR first order dynamic
with time constant T = −1/P. The ipsi-lesion dynamics (blue) imbed a smaller time constant than during contra-lesion rotations. The latter can remain close to the
control case.
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projections were also modified to increase the gain, with stronger
inhibition from the contra-lesion side and less inhibition from
the ipsi-lesion side. This is depicted graphically on the VOR
bilateral model in Figure 9 and numerically in Table 2. The effect
of such modifications in the model parameters on the overall
response of the VOR is shown in Figure 10. It can be seen that
the bias has almost disappeared while the gain, G, for rotations
in both directions has increased compared to the acute stage
(−0.96 contra-lesion and −0.68 ipsi-lesion); a lower gain toward
the lesion side, despite the compensation persists as observed in
experiments.
The compensation also affected the central time constant of
the VOR during ipsi- and contra-lesion rotations. As it can be
seen in the Bode plots in Figure 10, numerical changes to restore
the VOR gain and null the bias in the model were associated
with an asymmetry for the linear central dynamics. Consistent
with our observation in VOR recordings, the time constant of the
VOR during ipsi-lesion rotations (T = 9.37 s) was smaller than
that during contra-lesion rotations (T = 15.62 s).
4. DISCUSSION
It is known that different mechanisms are involved in VOR
compensation. One possible site for restoring VOR functionality
after lesions is the commissural network. In this work, we
studied the dynamic properties of the VOR after compensation
in patients with severe unilateral loss of vestibular functionality
due to either vestibular neuronitis, Ménière’s disease or tumors.
For the first time, a system identification technique was
employed to accurately estimate VOR dynamics in patients
during ipsi- and contra-lesion rotations that accounted for the
effect of VOR switching on the dynamics. Firstly, it was seen that
the range of estimated vestibular time constants (first block in
Figure 2) in unilateral patients and controls varied over a wide
range and there was no significant difference between the two
groups (Figure 6). This suggests that, in fact, following vestibular
compensation, the dynamics of the effective sensory projections
to the central processing of the VOR are not significantly different
in patients. Hence, assessment of the central dynamics might
better localize the side of a lesion and the extent of compensation
in patients.
Secondly, comparing the central dynamics of the VOR
between controls and unilateral vestibular patients (second block
in Figure 2) revealed that despite vestibular compensation,
there remained significant asymmetry in the gain of the VOR,
consistent with previous studies. Moreover, it was demonstrated
that significant asymmetries in the time constant of the VORwith
respect to the rotation direction are also present in patients- a
novel indicator of possible vestibular deficits. In most unilateral
patients, the system’s time constant was smaller during ipsi-lesion
rotations, the context with the lowest VOR gain. Finally the
average of both the estimated gains and the central processing
time constants in patients are significantly lower and different
from the control group. In the presence of switching (nystagmus),
a smaller central time constant can actually boost the apparent
gain of averaged slow-phase segments. Hence modifying the
VOR time constant here should be considered as a compensatory
effect. However, it is not detectable with methods using envelope
analysis- which instead estimate recovered symmetric VOR gains
to mark a patient as “normal” or “compensated.” Our methods
use identification from pooled slow phase segments and thus
converge on true system dynamics, which are not normal.
Results of patient data analysis were then interpreted with
model simulations. A simple bilateral model of slow phase VOR
reproduced experimental observations in simulated VOR data.
As expected, unbalanced sensory projections due to a lesion
at the acute stage caused lower and asymmetric VOR gain
and biased the VOR response (non-zero at null head rotation).
Parametric adjustments of VN resting rates and the weight of
projections in the commissural network restored the VOR gain
to some extent and removed the bias. However, this resulted
in asymmetry of the VOR dynamics during ipsi- and contra-
lesion rotations, just as seen in the experimental data with our
analysis. Hence, a reasonable hypothesis for biological VOR
compensation is changes in resting rates at the VN level and
modified projection strengths in the commissural system of the
bilateral VN in both directions. These findings are compatible
with prior neurophysiological observations (Dutia, 2010).
Faster VOR responses during ipsi-lesion rotations, i.e., smaller
time constant, suggests poor integration of the primary signals on
the lesioned side. However, it does have a beneficial effect on the
traditional VOR envelope, by boosting slow phase speeds with
eye deviations in the direction of the head rotation (nystagmus).
Whether this integration deficiency recovers over time and
to what extent, requires further studies. The extent of this
dynamic asymmetry in the VOR responses can be used as an
additional marker to evaluate the level of VOR compensation
in patients and the effectiveness of any prescribed vestibular
rehabilitation.
AUTHOR CONTRIBUTIONS
MR performed the literature review, formulated the problem,
analyzed the data, performed simulation studies, interpreted the
results, drafted themanuscript and prepared the final version. AK
provided clinical diagnoses for analysis validation, and proofread
the final manuscript. HG provided overall supervision and
advice on the problem formulation and solution, simulation and
experimental studies and interpretation of the results as well as
editing and proofreading the manuscript.
REFERENCES
Broussard, D. M., Bhatia, J. K., and Jones, G. E. (1999). The dynamics
of the vestibulo-ocular reflex after peripheral vestibular damage i.
frequency-dependent asymmetry. Exp. Brain Res. 125, 353–364. doi:
10.1007/s002210050691
Cullen, K. E., and Minor, L. B. (2002). Semicircular canal afferents
similarly encode active and passive head-on-body rotations:
Frontiers in Computational Neuroscience | www.frontiersin.org 8 March 2016 | Volume 10 | Article 26
Ranjbaran et al. VOR Compensation
implications for the role of vestibular efference. J. Neurosci.
22:RC226.
Cullen, K. E., Sadeghi, S. G., Beraneck, M., and Minor, L. B. (2009). Neural
substrates underlying vestibular compensation: contribution of peripheral
versus central processing. J. Vestib. Res. 19, 171–182. doi: 10.3233/VES-20
09-0357
Curthoys, I. S. (2000). Vestibular compensation and substitution. Curr. Opin.
Neurol. 13, 27–30. doi: 10.1097/00019052-200002000-00006
Darlington, C. L., and Smith, P. F. (2000). Molecular mechanisms of recovery from
vestibular damage in mammals: recent advances. Prog. Neurobiol. 62, 313–325.
doi: 10.1016/S0301-0082(00)00002-2
Dutheil, S., Brezun, J. M., Leonard, J., Lacour, M., and Tighilet, B. (2009).
Neurogenesis and astrogenesis contribution to recovery of vestibular
functions in the adult cat following unilateral vestibular neurectomy:
cellular and behavioral evidence. Neuroscience 164, 1444–1456. doi:
10.1016/j.neuroscience.2009.09.048
Dutia, M. B. (2010). Mechanisms of vestibular compensation: recent
advances. Curr. Opin. Otolaryngol. Head Neck Surg. 18, 420–424. doi:
10.1097/MOO.0b013e32833de71f
Galiana, H. (1991). A nystagmus strategy to linearize the vestibulo-ocular reflex.
IEEE Trans. Biomed. Eng. 38, 532–543. doi: 10.1109/10.81578
Galiana, H. L., Flohr, H., and Jones, G. M. (1984). A reevaluation of intervestibular
nuclear coupling: its role in vestibular compensation. J. Neurophysiol. 51,
242–259.
Ghoreyshi, A., and Galiana, H. (2009). “A hybrid extended least squares method
(hybels) for vestibulo- ocular reflex identification,” in Engineering in Medicine
and Biology Society, 2009. EMBC 2009. Annual International Conference
of the IEEE (Minneapolis, MN), 4958–4961. doi: 10.1109/iembs.2009.
5334103
Goldberg, J. M., and Fernandez, C. (1971). Physiology of peripheral neurons
innervating semicircular canals of the squirrel monkey. i. resting discharge
and response to constant angular accelerations. J. Neurophysiol. 34,
635–660.
Graham, B. P., and Dutia, M. B. (2001). Cellular basis of vestibular compensation:
analysis and modelling of the role of the commissural inhibitory system. Exp.
Brain Res. 137, 387–396. doi: 10.1007/s002210100677
Jalaleddini, K., and Kearney, R. E. (2013). Subspace identification of SISO
Hammerstein systems: application to stretch reflex identification. IEEE Trans.
Biomed. Eng. 60, 2725–2734. doi: 10.1109/TBME.2013.2264216
Jalaleddini, K., and Kearney, R. E. (2014). “Identification of ankle joint stiffness
from short segments of data: Application to passive dynamics during
movement,” in 36th Annual International Conference of the IEEE Engineering
in Medicine and Biology Society (EMBC) (Chicago, IL), 3284–3287. doi:
10.1109/EMBC.2014.6944324
Khojasteh, E., and Galiana, H. (2009). Primate disconjugate eye movements during
the horizontal avor in darkness and a plausible mechanism. Exp. Brain Res. 198,
1–18. doi: 10.1007/s00221-009-1930-2
Lopez, C. (2013). A neuroscientific account of how vestibular disorders
impair bodily self-consciousness. Front. Integr. Neurosci. 7:91. doi:
10.3389/fnint.2013.00091
Maire, R., and van Melle, G. (2000). Dynamic asymmetry of the vestibulo-
ocular reflex in unilateral peripheral vestibular and cochleovestibular
loss. Laryngoscope 110, 256–256. doi: 10.1097/00005537-200002010-
00014
Mantokoudis, G., Schubert, M. C., Tehrani, A. S. S., Wong, A. L., and Agrawal,
Y. (2014). Early adaptation and compensation of clinical vestibular responses
after unilateral vestibular deafferentation surgery. Otol. Neurotol. 35, 148–154.
doi: 10.1097/MAO.0b013e3182956196
Migliaccio, A. A., and Schubert, M. C. (2014). Pilot study of a new
rehabilitation tool: improved unilateral short-term adaptation of the
human angular vestibulo-ocular reflex. Otol. Neurotol. 35, e310–e316.
doi: 10.1097/mao.0000000000000539
Paige, G. D. (1989). Nonlinearity and asymmetry in the human vestibulo-ocular
reflex. Acta Oto-Laryngologica 108, 1–8. doi: 10.3109/00016488909107385
Paterson, J., Menzies, J., Bergquist, F., and Dutia, M. (2004). Cellular
mechanisms of vestibular compensation. Neuroembryol. Aging 3, 183–193. doi:
10.1159/000096796
Ranjbaran, M., and Galiana, H. L. (2014). “Identification of the vestibulo-
ocular reflex dynamics,” in 36th Annual International Conference of the IEEE
Engineering in Medicine and Biology Society (EMBC) (Chicago, IL), 1485–1488.
doi: 10.1109/embc.2014.6943882
Ranjbaran, M., Smith, H., and Galiana, H. (2015). Automatic classification of the
vestibulo-ocular reflex nystagmus: integration of data clustering and system
identification. IEEE Trans. Biomed. Eng. doi: 10.1109/tbme.2015.2477038.
[Epub ahead of print].
Raphan, T., Matsuo, V., and Cohen, B. (1979). Velocity storage in the vestibulo-
ocular reflex arc (vor). Exp. Brain Res. 35, 229–248. doi: 10.1007/BF00236613
Sadeghi, S. G., Minor, L. B., and Cullen, K. E. (2006). Dynamics of the
horizontal vestibuloocular reflex after unilateral labyrinthectomy: response to
high frequency, high acceleration, and high velocity rotations. Exp. Brain Res.
175, 471–484. doi: 10.1007/s00221-006-0567-7
Smith, H., and Galiana, H. L. (1991). The role of structural symmetry in linearizing
ocular reflexes. Biol. Cybern. 65, 11–22. doi: 10.1007/BF00197285
Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.
Copyright © 2016 Ranjbaran, Katsarkas and Galiana. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) or licensor are credited and that the original publication in this
journal is cited, in accordance with accepted academic practice. No use, distribution
or reproduction is permitted which does not comply with these terms.
Frontiers in Computational Neuroscience | www.frontiersin.org 9 March 2016 | Volume 10 | Article 26
